Constraints on phenotypic variation limit the capacity of organisms to adapt to 11 the multiple selection pressures encountered in natural environments. To better understand 12 evolutionary dynamics in this context, we select Escherichia coli for faster migration through a 13 porous environment, a process which depends on both motility and growth. We find that a 14 trade-off between swimming speed and growth rate constrains the evolution of faster 15 migration. Evolving faster migration in rich medium results in slow growth and fast swimming, 16 while evolution in minimal medium results in fast growth and slow swimming. In each 17 condition parallel genomic evolution drives adaptation through different mutations. We show 18 that the trade-off is mediated by antagonistic pleiotropy through mutations that affect 19 negative regulation. A model of the evolutionary process shows that the genetic capacity of 20 an organism to vary traits can qualitatively alter the evolutionary trajectory when selection 21 pressures are complex. 22 23 29 trade-offs (Shoval et al., 2012).
Introduction 24
In Nature organisms adapt to complex environments where many biotic and abiotic factors 25 affect survival. For microbes these factors include demands on metabolism (Savageau, 1983) , 26 motility (Celani and Vergassola, 2010) and antibiotic resistance (Vetsigian et al., 2011) . In this 27 context, evolution involves the simultaneous adaptation of many phenotypic traits. Organisms 28 under complex selection pressures often cannot vary traits independently and instead exhibit ments explore how phenotypes restricted by trade-offs evolve under alternating selection for 10-fold slower than the wild-type. To allow sufficient time for colony expansion, we performed 92 selection experiments using this strain with 24 hour incubation times and observed an increase 93 in from approximately 0.03 cm h −1 to 0.04 cm h −1 (Figure 1 -figure supplement 1) . We did not 94 observe fast migrating spontaneous mutants which have been reported previously in multiple 95 species (Wolfe and Berg, 1989; Mohari et al., 2015) , likely because our plates were incubated 96 for a shorter period of time. 97 To determine the number of generations transpiring in our selection experiments, we 98 measured the number of cells in the inoculum and the number of cells in the colony after 12 99 hours of growth and expansion (Methods) . We estimated that 10 to 12 generations occured 100 in each round of selection. We then tested whether prolonged growth in well mixed liquid 101 medium for a similar number of generations could lead to faster migration by growing the 102 founding strain for 200 generations in continuous liquid culture and periodically inoculating a 103 low viscosity agar plate (Figure 1 -figure supplement 2) . We observed only a 3.5 % increase in the 104 rate of migration, demonstrating that selection performed on spatially structured populations 105 results in more rapid adaptation for fast migration than growth in well mixed conditions. 106 We then performed selection experiments in a minimal medium where growth and migra-107 tion are substantially slower than in rich medium (Figure 1(d) ). In this condition we allowed 108 48 hours for each round of expansion and took precautions to limit evaporative loss in the 109 plates over this longer timescale (Methods). We observed an approximately 3-fold increase 110 in over the course of 10 rounds of selection, and this increase was reproduced across 5 repli-111 cate experiments. In the first round the population formed small ∼1.5 cm diameter colonies 112 without a well defined front. Populations formed well defined fronts in subsequent rounds of 113 selection (Figure 1(d) ), reflecting a transition from growth and diffusion dominated transport to 114 chemotaxis dominated migration (Croze et al., 2011) . 115 When we performed selection in minimal medium using the non-chemotactic mutant 116 (ΔcheA-Z), we found little or no migration and only a very small increase in the migration rate 117 over 10 rounds of selection ( Figure 1 -figure supplement 1) . We concluded that chemotaxis is 118 also necessary for increasing in this medium. 119 Using the same technique described for rich medium, we estimated the number of gener-120 ations per round of selection in minimal medium to be <10. We tested whether approximately 121 100 generations of growth in liquid was sufficient to evolve faster migration in minimal medium. 122 Here we found that prolonged growth in well mixed conditions resulted in ∼2-fold faster front 123 migration. Despite the increase in migration rate, selection in well mixed conditions resulted in 124 slower migration than selection in low viscosity agar plates for a similar number of generations 125 (Figure 1 -figure supplement 2) . 126 Increasing swimming speed and growth rate increase migration rate 127 To characterize the adaptation we observed in Figure 1 
and 135 = ∇ 2 − ( , ),
where the spatial and temporal dependence of and have been suppressed for clarity. The 136 three terms on the right hand side of equation (1) describe diffusion, chemotaxis and growth 137 respectively. is the bacterial diffusion constant, which describes the rate of diffusion of 138 bacteria due to random, undirected motility. 0 is the chemotactic coefficient capturing the 139 strength of chemotaxis in response to gradients in attractant. is the equilibrium binding 140 constant between the attractant and its associated receptor (Brown and Berg, 1974 our conditions. With these parameters we simulated the model in equations (1) and (2) migration in our simulations was 0.61 cm h −1 for rich media and 0.09 cm h −1 for minimal media.
162
We note that this comparison involves no free parameters.
163
To understand how changes in motility and growth could contribute to the evolution of 164 migration, we studied how the migration rate ( ) varied with the parameters of our model 165 through numerical simulation (supplementary file 1). We found that increases run speed (| |) migrating strain should be the one that increases both its run speed and growth rate relative 172 to the founder. Therefore, in the absence of any constraints on accessible phenotypes, we 173 expect both run speed and growth rate to increase with selection.
174
A trade-off constrains the evolution of faster migration
175
To test the predictions of the reaction-diffusion model, we experimentally interrogated how 176 the motility and growth phenotypes of our populations evolved over the course of selection.
177
We performed single-cell tracking experiments using a microfluidic method similar to one 178 described previously (Jordan et al., 2013) . This method permitted us to acquire 5 minute 179 swimming trajectories from hundreds of individuals from strains isolated prior to selection 180 (founder) and after 5, 10 and 15 rounds of selection in rich media (replicate 1, Figure 1(c) ) and for 181 the founder and strains isolated after 5 and 10 rounds of selection in minimal media (replicate 182 1, Figure 1 (e)). For tracking, cells were grown in the medium in which they were selected. This 183 technique permitted us to capture more than 280 000 run-tumble events from approximately 184 1500 individuals.
185
both rich and minimal media. We show the complementary cumulative distribution function 188 ( ( )) of run durations ( ) aggregated across all run events detected for the founding or evolved
the fraction of all runs longer than a time . These distributions show that the evolved strains 191 exhibited a reduction in the probability of executing long runs. This reduction in run duration
192
(increase in tumble frequency) is expected since previous studies showed that mutants with 193 longer run durations have slower migration rates through agar (Wolfe and Berg, 1989) . We 205 Surprisingly, when we performed single-cell tracking for strains evolved in minimal media 206 we observed the opposite trend. In these conditions we observed a 50 % reduction in run speed 207 ( Figure 3(d) ). Again, we found that this result was reproducible across independently evolved Figure 3 (e)) also exhibited a slower migration rate than 213 the strain isolated from replicate 1, and the long run durations may be responsible for this 214 difference.
215
We then measured the growth rates in well mixed liquid of founding and evolved strains 216 from both selection conditions in Figure 1 (Methods). We observed a decline of about 10 % in 217 the maximum growth rate with selection in rich medium and a three-fold increase in the 218 maximum growth rate after 10 rounds of selection in minimal medium ( Figure 3 (e,f)). We found 219 that these changes in growth rate are reproducible across independently evolved strains in 
221
Since motility is known to depend on the growth history of the population (Staropoli 222 and Alon, 2000), we checked whether the conclusions made above remained valid when 223 we tracked cells over a range of optical densities during population growth. We performed 224 these measurements for the founding strain in both rich and minimal media, and for a round 225 15 strain in rich medium and a round 10 strain in minimal medium and confirmed that the Combining growth rate measurements with single-cell motility measurements allowed us 228 to predict the front migration rate for strains in rich and minimal medium using the reaction- 
232
We conclude that there is a trade-off between run speed and growth rate in E. coli which 233 constrains the evolution of faster migration through low viscosity agar. shows the changes in run speed and growth rate normalized to the values for the founding 236 space of run speed and growth rate. In Figure 4 (b-c) we show the measured growth rates and 238 swimming speeds for all strains presented in Figure 3 overlaid on the predicted migration rates 239 from our reaction-diffusion model.
240
Parallel genomic evolution drives a trade-off through antagonistic pleiotropy 241
To investigate the mechanism of the phenotypic evolution and tradeoff we observed, we 242 performed whole genome sequencing of populations for the founding strain as well as strains 243 isolated after rounds 5, 10 and 15 in rich medium for four of five selection experiments and 244 rounds 5 and 10 in minimal medium for four of five selection experiments (Methods). Figure 5   245 shows de novo mutations observed in each strain sequenced. Since we sequenced populations, 246 we report the frequency of each mutation observed (see legend, Figure 5 (a), middle panel).
247
In the rich medium experiment we observed parallel evolution across replicate selection 
257
The ClpXP protease has many targets in the cell including FlhDC, the master regulator of 258 flagellar biosynthesis (Tomoyasu et al., 2003) . We found that this mutation in clpX was at high 259 abundance (>70 %) in all populations after 5 rounds of selection and fixed by round 10 in all 260 four replicates ( Figure 5 ).
261
To determine the phenotypic effects of clpXE185 * , we used scarless recombineering to observed a mutation in the gene encoding the motor protein FliG, otherwise the observed 287 mutations appear to be metabolic in nature. In minimal medium we also observed a substantial 288 number of synonymous mutations rising to fixation (see tables 6 to 9). The role of these 289 synonomous mutations is not known, but may be due to tRNA pool matching (Stoletzki and   290 Eyre-Walker, 2007).
291
To understand how these mutations drive phenotypic evolution, we focused on the galSL22R 292 mutation. galS encodes the transcriptional repressor of the gal regulon. The coding mutation 293 we observe occurs in the highly conserved N-terminal helix-turn-helix DNA binding region of 294 this protein, we therefore expect that this mutation alters the expression of the gal regulon (We-295 ickert and Adhya, 1992). To assay the phenotypic effects of this mutation, we reconstructed it 296 in the genetic background of the founder.
297
The migration rate of the galSL22R mutant showed a statistically significant increase relative 298 to founder ( =0.039±0.001 cm h −1 for galSL22R and 0.0163±0.0038 cm h −1 for founder, <10 −3 ). We 299 found that the growth rate of the mutant was approximately 2.5-fold larger than founder in 300 minimal medium (0.23±0.005 h −1 for galSL22R and 0.089±0.03 h −1 for founder, =4 × 10 −4 ). Further, 
where , the genetic covariance matrix, describes the genetically driven phenotypic covariation 317 in the population, which is assumed to be normally distributed ( ( ⃗ , )). ⃗ is the selection 318 gradient which captures the change in migration rate with respect to phenotype since we are 319 selecting for faster migration. The matrix is given by
where 2 * describes the (fractional) variance in the phenotype due to genetic variation and 321 captures the correlation between the two traits. In our experiment we do not have a direct the directions of phenotypic evolution we observed experimentally in rich and minimal media. 329 We found that the direction of phenotypic evolution in rich medium agreed well with our 
337
This suggests that the capacity of mutations to alter run speed or growth rate relative to 338 founder depends on the nutrient conditions and that changes in this capacity qualitatively 339 alter the direction of evolution along the Pareto frontier. This result captures the intuition that 340 mutations that can increase growth rate in rich medium are few while in minimal medium the 341 propensity for mutations increasing growth rate is substantially larger. The model presented 342 here relies on a linear approximation to ⃗ , which is a good assumption for rich medium but 343 not for minimal medium, where the dependence of on | | and is strongly nonlinear. Using 344 simulations of the evolutionary process described by equation 3, we relaxed the assumption 345 of linearity in the selection coefficient and found that our qualitative conclusions were not 346 altered ( Figure 6 -figure supplement 3) . 347 We note that the structure of inferred above reflects the capacity for mutations to change 348 phenotypes at the outset of the experiment. As evolution proceeds in rich medium, we observe The most striking observation of our study is the divergent trajectories of phenotypic evolution 356 along a Pareto frontier (Figure 4(a) ). This observation shows that the evolution of faster migra- and mechanisms constraining phenotypes are often not known (Gould and Lewontin, 1979) .
366
Our results point to the potential predictive power of determining the directions in pheno-367 type space in which genetic variation can most readily change phenotypes -so called, 'genetic 368 lines of least resistance' (Schluter, 1996) . These directions may be related to genetic regula-369 tory architecture. The mutations we observe in both rich and minimal media alter negative 370 regulators (a protease in the case of clpX and a transcriptional repressor in the case of galS).
371
This supports the hypothesis that microevolution is dominated by the disruption of negative 372 regulation (Lind et al., 2015) and suggests that the direction of phenotypic evolution can be 373 predicted by determining where negative regulatory elements reside in genetic and proteomic 374 networks. The mutations we examined appear to be more subtle than simple loss of function, 375 since knockout mutants for both clpX and galS do not exhibit fast migration, therefore a 376 detailed understanding of how mutations disrupt negative regulation will be essential.
377
The trade-off presented here has been observed previously in E. allowed directions of phenotypic variation may be a more powerful approach to predicting 389 evolution than cataloging mutations alone.
390
The mechanism of the trade-off between growth rate and swimming speed has, to our file 1). Since we have not measured cell size directly, we cannot conclusively rule out this mech-400 anism. To definitively characterize the mechanism of this trade-off will require measurements 401 of cell size, gene expression, flagellar length and proton motive force.
402
Our study shows how evolutionary dynamics are defined by the complex interplay between 403 genetic architecture, phenotypic constraints and the environment. Our hope is that a general 404 approach to predicting evolution can emerge from a more complete understanding of this To estimate the number of generations that occur during each round of selection, we 423 inoculated an agar plate from a culture of the founding strain and sampled the migrating front 424 as in the selection experiment. We then measured the cell density of the sampled population 425 by serial dilution and plating. We inoculated a fresh plate (with 10 6 cells) and permitted the 426 colony to expand for 12 hours. To measure the total population on the plate after growth, we 427 mixed the entire contents of the plate in a beaker and measured the density by serial dilution 428 and plating again. From this we extracted an estimate of the number of generations that 429 occurred. The range reflects the large errors due to serial dilution and plating.
430
Cultures used to initiate selection were grown in M63 30mM galactose for 24 to 48 hours prior 433 to initiating selection. During each 48 hour round of migration and imaging, plates were 434 housed in a plexiglass box with a beaker of water to prevent evaporative losses from the plate.
435
Images were acquired every 2 minutes. We estimated the number of generations per round as 436 described above. Reliable plate counts were only obtained for plates of round 10 strains where 437 we estimate 10 generations per round. We therefore take this as an upper bound and conclude 438 that the 10 round selection experiment includes <100 generations. Plates were thermalized for 439 24 hours before use.
440
The ΔcheA-Z mutant was constructed via P1 transduction from a strain provided by the 441 group of Chris Rao and the mutation was confirmed by PCR. This mutant lacks the receptors 442 tar and tap and the chemotaxis genes cheAWRBYZ. 443 We selected the motile MG1655 wild-type strain for these experiments rather than the more 444 commonly used RP437 strain since the latter is auxotrophic for several amino acids. Minimal 
506
Approximately 1 % of cells exhibited sustained tumbling and had average tumble durations 507 greater than 0.4 s and were excluded from further analysis. We only considered run events that 508 were not interrupted by interactions with the circular boundary of the chamber.
509
Due to interactions with the chamber floor and ceiling (boundaries perpendicular to the 510 optical axis) we intermittently observed cells circling. We developed a method to detect this 511 behavior automatically and found that our results are unchanged when we consider individuals 512 that are not interacting the the chamber boundaries (supplementary file 1). The value for this threshold used here was 0.01, and at this threshold, with the sequencing 537 coverage for our samples, we report all variants present in the population at a frequency of 0.2 or 538 above (Barrick and Lenski, 2009 ). All other parameters were set to their default values. Reads 539 were aligned to the MG1655 genome (INSDC U00096.3). We note that breseq is not well suited 540 to predicting large structural variation. Since we sequence populations at different points 541 during selection, observation of the same mutations at different points in time significantly 542 reduces the probability of false positives (Lang et al., 2013) .
543
The founder strain was sequenced at an average depth of 553× when aggregating reads 544 from four separate sequencing reactions. Any mutations observed in this strain were excluded 545 from further analysis. Tables 1,2 ,3,4,6,7,8,9 document mutations, important mutations were 546 confirmed by Sanger sequencing as noted in the captions to these tables. Since these genomes 547 were sequenced at very high depth, we did not confirm every mutation by Sanger sequencing.
548
All mutation calls made by breseq were inspected manually and found to be robust or they 549 were excluded. We also manually inspected the founder strain reads aligned to regions where 550 frequent mutations were observed in the evolved strains (clpX E185 * , the Δ1bp mutation at 551 position 523086 and galS L22R) to confirm that those mutations were not present in the iments were reconstructed in the chromosome of the ancestral background (founder) using 559 a recombineering method presented previously (Kuhlman and Cox, 2010; Tas et al., 2015) .
560
These mutations were the clpXE185 * mutation, the single base pair deletion between ybbP 561 and rhsD (which we refer to as "Δ1bp") and galSL22R. For full details of the recombineering we as a function of run speed (| |) and maximum growth rate ( ) simulated using the reaction-diffusion model discussed in the text with parameters appropriate for rich medium conditions (Table 11) . Model parameters were estimated using the method developed by Croze et al (see supplementary file 1). Gray square shows the run speed and growth rates measured for the founding strain in rich medium (see Figure 3 ). Standard error in | | is smaller than the size of the marker; error bar in is the standard deviation across three replicate measurements. (b) Identical to panel (a) except for minimal medium. The abrupt change in migration rate around =0.2 h −1 corresponds to a transition from diffusion dominated front migration to a traveling wave (see supplementary file 1). The founding strain's phenotype is shown as a red circle, error bars are constructed identically to those in (a). . Tracking was performed for founding strain (140 cells, 19 597 run events), strains isolated after 5 (79 cells, 12 217 run events), 10 (97 cells,18 505 run events) and 15 (96 cells, 15 928 run events) rounds in rich media and in minimal media for the founding strain (20 cells,1752 run events), round 5 (45 cells, 9724 run events) and round 10 (29 cells, 5384 run events). (a) Shows the fraction of runs longer than a given for strains evolved in rich media (95 % confidence intervals from bootstrapping). The mean and standard deviation in run duration for founder is 0.66±0.78 s, for round 5: 0.63±0.61 s, for round 10: 0.58±0.50 s and for round 15: 0.65±0.57 s. Round 5, 10 and 15 strains exhibit shorter average run durations than founder ( <0.05). (b) Shows the same distribution for strains in minimal medium with founder exhibiting average run duration 0.47±0.45 s, round 5: 0.4±0.47 s and round 10: 0.34±0.30 s. Rounds 5 and 10 exhibit shorter average run durations than founder ( <10 −8 ). (c) Shows run speed distributions for strains evolved in rich medium, legend in (a) applies. The average ± standard deviation run speeds are, for founder: 18.7±7.1 μm s −1 , round 5: 24.9±7.1 μm s −1 , round 10: 27.6±7.0 μm s −1 , and for round 15: 28.7±6.8 μm s −1 . Average run speeds for rounds 5, 10 and 15 are greater than founder ( <10 −5 ). (d) Shows the same distributions for strains evolved in minimal medium, average run speed for founder: 22.2±6.1 μm s −1 , for round 5: 11.2±5.0 μm s −1 and for round 10: 13.9±5.9 μm s −1 . Both rounds 5 and 10 exhibit slower average run speeds than founder ( <10 −5 ). Legend in (b) applies. (e-f) Show growth rates in well mixed liquid culture for all strains studied in panels (a-d) in the medium in which the strains were selected. (e) Shows triplicate measurements from each of the four strains isolated in rich medium. Rounds 5, 10 and 15 exhibit slower growth than founder ( <0.01). (f) Shows growth rates for strains isolated from minimal medium selection experiment. Four replicate measurements were made for founder and round 10 and three replicate measurements for round 5. Squares and circles demarcate measurements made on separate days. Rounds 5 and 10 have higher growth rates than founder ( <10 −5 ). Run speeds and growth rates for strains evolved in rich medium (squares) and minimal medium (circles) normalized to the run speed and growth rates of the founding strain in each environment. Standard error in run speeds are smaller than the markers. The large error bar at the point (1, 1) corresponds to the large error in the growth rate measurement of the founding strain in minimal medium. (b) Reproduces the data from (a) for evolution in rich medium overlaid on a heatmap of the prediction for front migration rate from the reaction-diffusion model (Figure 2) . Growth rates and run speeds are not normalized. Phenotypes for strains from Figure 3 are shown along with two strains from independently evolved strains (replicates 3 (15(r3)) and 4 (15(r3)), Figure 1 ). In addition, the red "x" marks the phenotype for the mutation (clpXE185 * ) in the founding strain background (see Figure 5 ). (c) Shows run speeds and growth rates for strains evolved in minimal medium overlaid on the predicted from migration rate from the reaction-diffusion model. Growth rate and run speed for an independently evolved round 10 strain is shown (10(r2)) as well as the phenotype for the galSL22R mutation in the founder background (black "x"). Predicted front migration rates assume no change in run duration. Figure 1(c) . Circles denote single nucleotide polymorphisms (SNP) in coding regions, squares denote intergenic SNPs, and triangles denote larger insertions or deletions. The size of the marker is proportional to the frequency of the mutation in the population. Only mutations with a frequency above 0.2 in the population are shown. Genes of interest are shown. The operons coding for motility and chemotaxis are near flhD. (b) Identical to (a) but shows de novo mutations for strains evolved in minimal medium. The marker near icd corresponds to multiple SNPs in close proximity to each other. See Tables 1 to 4 and 6 to 9 for a list of all mutations observed and details of the sequencing. Figure 6 . Evolution of correlated traits: The evolutionary model describes the change in phenotype relative to the founder ( ⃗ = [̃, |̃|] ) under selection described by ⃗ . Panels show unit vectors in the direction of observed phenotypic evolution () and the direction of selection inferred from the reaction-diffusion model (̂). Ellipses show quartiles for a normal distribution of phenotypes with covariance matrix that is consistent with ⃗ and ⃗ . In both panels we set the correlation coefficient betweeñand |̃| is = −0.75 but our conclusions hold for < −0.1. In rich medium (a) |̃| /̃= 1 and in minimal medium |̃| /̃= 0.3. In rich medium̂= [0.61, 0.78] and in minimal medium̂= [0.5, 0.87]. Table 11 . Reaction-diffusion model parameters: Columns indicate parameter, explanation of parameter, units, value used in simulation of founder strain in rich medium, and the value used in simulation of founder strain in minimal medium. Parameters marked with an were measured in this study. , 0 and in rich medium were estimated as described in Supplementary file 1 using the methods of Croze et al. (2011) .
is assumed to be the same in minimal medium as rich medium. Identical 0 and were used in the minimal medium since Ford and Lauffenberger (1992) find nearly identical values for galactose as Ahmed and Stocker (2008) do for serine.
for both nutrient conditions was taken from Adler, Hazelbauer and Dahl, (1973) . For minimal medium and were taken from Lendenmann, Snozzi, and Egli (1999) . The values cited for were measured from numerical simulation of the reaction-diffusion model as outlined in Methods. 
